Embryos in freshly matured seeds of the facultative winter annual Papaver rhoeas are underdeveloped and physiologically dormant; thus, seeds have morphophysiological dormancy (MPD). Seeds lost physiological dormancy during 12 weeks of burial in moist soil at 12 h/12 h daily alternating temperature regimes of 15/ 5°C, 20/10°C and 25/15°C but not at 1°C. Physiological dormancy was not broken in seeds stored dry at room temperature for 12 weeks. After physiological dormancy was broken, seeds required light for embryo growth (i.e. for loss of morphological dormancy) and consequently for germination. After a 12-week period of burial in soil at 25/15°C, seeds that matured in 1997 germinated to 100% in light at 25/15°C, demonstrating that cold stratification temperatures (» 0.5-10°C) are not required for embryo growth. Thus, seeds have nondeep simple MPD. During exposure to low winter temperatures (5/1°C, 1°C), 52% of the seeds with physiologically non-dormant embryos entered conditional dormancy and thus lost the ability to germinate at 25/15°C but not at 15/5°C or 20/10°C. The peak of germination for seeds sown in southern Sweden was in autumn, but some also germinated in spring. A higher percentage of seeds that matured in a relatively warm, dry year (1997) came out of MPD and germinated than did those that matured in a relatively cool, wet year (1998) at the same site.
Introduction
Seeds of Papaver rhoeas L. (Papaveraceae) are dormant at maturity, and dormancy is not easily broken (McNaughton & Harper, 1964) . Neither concentrated sulphuric acid nor mechanical scarification broke dormancy (McNaughton & Harper, 1964) , indicating that seeds were not prevented from germinating by waterimpermeable seed coats. Seeds of this species have underdeveloped embryos (Martin, 1946) and thus morphological dormancy, i.e. the embryo has to grow to some critical length before radicle emergence. Seeds with only morphological dormancy usually germinate within 30-45 d (Baskin & Baskin, 1998) ; however, 144 d after seeds of P. rhoeas were sown on soil in a glasshouse in Wales, only 50% of those that eventually germinated had done so (McNaughton & Harper, 1964) . Thus, the long delay in germination reported for P. rhoeas seeds indicates that the underdeveloped embryos have physiological dormancy and, thus, seeds have morphophysiological dormancy (MPD) (Nikolaeva, 1969) . Consequently, seeds of P. rhoeas cannot germinate until physiological dormancy of the embryo has been broken and the embryo has grown to a critical length.
There are eight subclasses of MPD, and these are distinguished based on level of physiological dormancy, temperature requirements for embryo growth and responses of seeds to gibberellic acid (Nikolaeva, 1969; Baskin & Baskin, 1998) . The three levels of physiological dormancy recognized by Nikolaeva (1969) are non-deep, intermediate and deep. Cold stratification is required to break intermediate and deep physiological dormancy, but non-deep physiological dormancy may be broken by warm or cold stratification, depending on the species.
According to Nikolaeva (1969) , warm and cold stratification means that imbibed seeds are incubated at high ( ‡ 15°C) and low (» 0.5-10°C) temperatures respectively. On the basis of temperature requirements for embryo growth, the eight subclasses of MPD can be divided into two categories: simple and complex. There are five types of simple MPD and three of complex MPD. Warm stratification is required for embryo growth (i.e. loss of morphological dormancy) in seeds with simple MPD, and cold stratification is required for embryo growth in those with complex MPD (Nikolaeva, 1969; Baskin & Baskin, 1998) . In other words, after physiological dormancy is broken, embryos do not grow in seeds with simple MPD unless temperatures are ‡ 15°C, and they do not grow in seeds with complex MPD unless temperatures are » 0.5-10°C. Thus, in seeds with non-deep simple MPD, temperatures of ‡ 15°C are required for loss of physiological dormancy and for embryo growth to occur, whereas in those with deep complex MPD, temperatures from » 0.5-10°C are required to break physiological dormancy and promote embryo growth.
The purpose of the study was to identify the environmental conditions required for dormancy loss and germination of P. rhoeas seeds and thus the subclass of MPD. Further, to understand better the relationship between the subclass of MPD and the ecological life cycle of this species, germination phenology of seeds sown under natural temperature regimes in Sweden was monitored.
Papaver rhoeas is reported to be an annual or biennial herb (McNaughton & Harper, 1964) , and its seeds germinate in autumn and spring under natural temperature conditions in England (Roberts & Feast, 1970; Roberts & Boddrell, 1984) and in Sweden (Ha˚kansson, 1992 (Ha˚kansson, , 1995 . However, in England, the peak of germination is in spring (Roberts & Feast, 1970; Roberts & Boddrell, 1984) , whereas in Sweden, it is in autumn (Ha˚kansson, 1992) . Nevertheless, the species has the germination phenology of a facultative winter annual in both countries. In other winter annuals whose seeds have MPD, e.g. Chaerophyllum tainturieri Hook. (Baskin & Baskin, 1990) and Corydalis flavula (Raf.) DC (Baskin & Baskin, 1994) , the seeds have nondeep simple MPD. Seeds of C. tainturieri and C. flavula require exposure to high summer temperatures for loss of physiological dormancy, and embryo growth is delayed until autumn, after physiological dormancy is broken. As P. rhoeas can behave as a winter annual, it was hypothesized that its seeds also have non-deep simple MPD.
Materials and methods

Experiment 1: Germination of freshly collected seeds
Ripe seeds were collected from plants of P. rhoeas growing along the edge of an arable field and adjoining a road verge near Hov in Ö stergo¨tland County of southern Sweden on 23 August 1997. In addition, as many seeds ripened in the field from August to September, seeds were collected on various dates during August and September in 1998 from plants growing near Hov and from those growing in two ruderal sites (Vadstena and Va¨versunda) in Ö stergo¨tland (for collection dates and sites, see Table 1 ). Within 2 weeks after each collection, seeds were tested for germination in light and in darkness at three alternating temperature regimes.
Seeds were placed in 55-mm Petri dishes, and three replicates of 50 seeds each were used for each test condition. In 1997, seeds were sown on two sheets of Munkell 1003 filter paper moistened with deionized water and, in 1998, they were sown on two sheets of Whatman no. 1 filter paper moistened with distilled water. The 1997 seeds were incubated in light (12 h (Rodskjer & Tuvesson, 1975; Mu¨ller, 1982) . All dishes were sealed with parafilm (1997) or covered with plastic film (1998) to reduce loss of water. Germination percentages were determined after 2 weeks; protrusion of the radicle was the criterion for germination. Ungerminated seeds were pinched with forceps under a dissecting microscope to determine whether seeds contained a firm, white embryo (indicating viability) or a soft, grey embryo (indicating non-viability).
Experiment 2: Embryo length in freshly collected seeds
On the same day that the germination tests of seeds in the various collections were initiated, 25 seeds were sown on moist filter paper and allowed to imbibe in darkness at room temperature (18-22°C) for 24 h. Embryos were excised from the 25 fully imbibed seeds with a razor blade, and their lengths were measured using a dissecting microscope equipped with a micrometer. On 8 September 1997 and on 31 August 1998, » 1000 seeds (collected near Hov, Sweden, on 23 August 1997 and 17 August 1998 respectively) were placed in each of 16 fine-mesh polyester cloth bags. Each bag was buried in soil (commercial potting mix of mineral soil, humus, peat and sand) to a depth of 5 cm in 10-cm-diameter pots with drainage holes. In both 1997 and 1998, four pots each were placed in an incubator at a constant temperature of 1°C and in incubators at 12 h/12 h daily alternating temperature regimes of 15/5°C, 20/10°C and 25/15°C. The soil was watered frequently, and the surface of the pots was covered with aluminium foil, thus maintaining moisture levels near field capacity at all times. After 3, 6, 9 and 12 weeks of burial, seeds from 1°C, 15/5°C, 20/10°C and 25/15°C were exhumed, and seeds from each burial condition were tested for germination in light at 15/5°C, 20/10°C and 25/15°C for 2 weeks. The 1998 seeds were also incubated in darkness at each thermoperiod for 2 weeks. In complete darkness, the bag of seeds was removed from the pot of soil, seeds were sown on moist paper in Petri dishes, and dishes were wrapped with plastic film and two layers of aluminium foil. About 50-75 seeds were in each of the three replicates incubated in darkness at each thermoperiod, whereas three replicates of 50 seeds each were placed in light at each thermoperiod. Each time the 1997 and 1998 seeds described above were exhumed, embryos were excised from 25 seeds from each burial condition and their lengths measured. On 31 August 1998, 25 seeds of P. rhoeas from the collection made near Hov on 17 August 1998 were sown on moist paper in each of 10 dishes; these seeds were physiologically dormant. Seeds in five dishes were wrapped in aluminium foil, whereas those in the other five dishes were covered with clear plastic film. The 10 dishes were placed in the 20/10°C incubator (described above) and, after 3, 6, 9, 12 and 15 d, embryos of seeds in one dish of light-incubated and in one dish of dark-incubated seeds were excised and measured. Also, on 31 August 1998, » 1000 seeds collected near Hov on 17 August 1998 were placed in a fine-mesh polyester cloth bag and buried in moist soil to a depth of 5 cm in a 10-cm-diameter pot, which was placed in the 25/15°C incubator. After 12 weeks of burial, seeds were exhumed in darkness, and 25 of them were sown on moist paper in each of 10 dishes; physiological dormancy had been broken in these seeds. Five dishes were wrapped with aluminium foil, and thus seeds were not exposed to any light. The other five dishes were covered only with clear plastic film, and thus seeds were exposed to light. The 10 dishes of seeds were placed in the 20/ 10°C incubator and, after 3, 6, 9, 12 and 15 d, embryos in seeds in one dish of light-and in one dish of darkincubated seeds were excised and measured.
To determine the critical length an embryo must reach before the radicle begins to emerge from the seed, embryos were measured from 25 seeds in which the seed coat was splitting and/or the radicle was protruding £ 1 mm. If the radicle was starting to emerge, it was cut off flush with the edge of the seed coat before the embryo was excised and measured. Can seeds of P. rhoeas germinate in the autumn of the same year in which they are produced? On 5 September 1997, three replicates of 200 seeds each (collected at Hov on 23 August 1997) were sown on the surface of commercial potting soil (7 cm deep) in 12 cm · 16.5 cm · 12 cm (depth) boxes with drainage holes. The boxes were placed out-of-doors in Uppsala, Sweden, in a large open-ended shed where they were exposed to natural temperature conditions but protected from rainfall. The soil was watered regularly (at 1-to 2-d intervals) as needed to keep it moist from September 1997 to March 1998, at weekly intervals from April to September 1998, and regularly from October 1998 to May 1999, when the study was terminated. Soil temperature was monitored with a TINYTALK-TEMP logger (Orion Components, Chichester, UK) at seed level in an additional soil-filled box. The boxes were examined at 1-week intervals for seedlings until 21 June 1998 and at 2-week intervals thereafter; seedlings were counted and discarded.
In a second germination phenology study, seeds collected on various dates from August to September 1998 at Hov, Vadstena and Va¨versunda were sown within 1or 2 d after collection. Three replicates of 200 seeds each were sown on the surface of commercial potting soil in pots (90 mm diameter, 70 mm height) and placed outdoors in Linko¨ping, Sweden, 35 km eastnorth-east of the collection site. Further, seeds collected on 4 August 1998 at Hov were kept in dry storage at room temperature (18-22°C) and, at 2-week intervals (same dates that seeds collected at Hov on dates after 4 August were sown), three replicates of 200 seeds each were sown on soil in pots, as described above. All pots were placed under a table on the north side of a greenhouse, i.e. they were exposed to natural temperature conditions but protected from direct rainfall and direct sunlight. Temperature was recorded approximately every second hour in a parallel pot at 10-mm depth with a TINYTALK-TEMP logger (Orion Components). The pots were placed in a tray, and the soil was kept constantly moist by adding water to this tray when needed. The pots were inspected for seedlings weekly or biweekly until 25 November 1999 when the study was terminated. For all the experiments described above, the data are presented as untransformed means, and corresponding SEs are given as a simple measure of variability of these data.
Results
Experiment 1: Germination of freshly collected seeds
Ripe seeds of P. rhoeas collected near Hov in August 1997 and at Hov, Vadstena and Va¨versunda on various dates from August to September 1998 were dormant and consequently did not germinate in light or in darkness at any temperature regime (Table 1) .
Experiment 2: Embryo length in freshly collected seeds
Regardless of collection site and date, mean embryo length ranged from 0.42 mm to 0.58 mm ( Table 1) . None of the embryos had attained the critical length (1.3 mm, see below) for germination.
Experiment 3: Temperature requirements for loss of physiological dormancy Dormancy loss for both 1997 and 1998 seeds increased with an increase in burial temperature (Figs 1 and 2) . Compared with 1997 seeds, 1998 seeds had lower germination percentages in light at the three alternating temperature regimes after burial at 15/5°C, 20/10°C and 25/15°C. Germination of 1998 seeds incubated in darkness ranged from 0% to 3% in all tests, except that seeds buried at 25/15°C for 9 weeks germinated to 11% in darkness at 20/10°C.
Experiment 4: Embryo growth in buried seeds
No apparent embryo growth occurred while 1997 and 1998 seeds were buried at the various temperatures (Table 2) , and none of the embryos had attained the critical length for germination.
Experiment 5: Effect of dry storage on seed germination
After 12 weeks of dry storage at room temperature, P. rhoeas seeds germinated to 3%, 6% and 6% at 15/5°C, 20/10°C and 25/15°C, respectively, in light and to 1%, 3% and 0%, respectively, in darkness.
Experiment 6: Embryo growth before and after physiological dormancy was broken Little or no embryo growth occurred in freshly matured (physiologically dormant) seeds incubated in either light or darkness at 20/10°C (Fig. 3a) . However, after seeds had been buried for 12 weeks at 25/15°C (and physiological dormancy was broken), rapid embryo growth occurred at 20/10°C in light but not in darkness (Fig. 3b) . In fact, all seeds in light had a split seed coat or had germinated by day 9. The critical length of embryos for germination was 1.3 ± 0.04 mm (mean ± SE, n ¼ 25).
Experiment 7: Response to annual seasonal temperature cycle Some dormancy loss occurred between 28 August and 1 October 1998, but none occurred between 1 October 1998 and 1 April 1999 (Table 3) . By October 1999, seeds were non-dormant and germinated to 93-100% at the three temperature regimes. During the remainder of the study, seeds germinated to 82-100% at 15/5°C and 20/ 10°C in both April and October. At 25/15°C, however, seeds germinated to 87% and 93% in October 1999 and 2000, respectively, but to only 41% and 47% in April 2000 and 2001 respectively.
Experiment 8: Germination phenology
In both phenology studies, some seeds germinated in the autumn in which they were produced/dispersed. Cumulative germination percentages by the end of September, October, November and December 1997 were 5.0%, 9.8%, 13.2% and 13.2% respectively. Additional seeds germinated in spring, thus increasing the cumulative percentages to 15.5%, 15.5%, 19.3%, 20.8% and 21.0% by the end of February, March, April, May and June respectively. No additional seeds germinated from July 1998 to May 1999 when the study was terminated.
In the second germination phenology study, regardless of collection site and sowing date, some seeds germinated in autumn 1998 and in spring 1999 (Fig. 4) . The peak of germination in autumn occurred during Table 3 Mean germination percentages (SE ranged from 1% to 6%) of Papaver rhoeas seeds incubated in light for 2 weeks after burial in soil for 0-31 months, during which time seeds were exposed to annual summer-high and winter-low temperature cycles (see text for temperature regime for each month of the year) October, when daily maximum and minimum temperatures ranged from 2°C to 13°C, and the peak of germination in spring occurred from late March to midApril, when daily maximum and minimum temperatures ranged from 2°C to 18°C.
Discussion
Regardless of collection date, fresh seeds had underdeveloped embryos and did not germinate in either light or darkness at the three alternating temperature regimes ( (Fig. 3b, Expt 6 ). Seeds of P. rhoeas not only require high temperatures for loss of physiological dormancy, they also need to be imbibed. Seeds failed to come out of physiological dormancy during 12 weeks of dry storage at room temperature in 1997 (Expt 5). Embryo growth and germination in light at 25/15°C after physiological dormancy was broken suggest that temperatures of ‡ 15°C promote loss of morphological dormancy. Thus, seeds of P. rhoeas have simple MPD. As seeds require temperatures of ‡ 15°C for loss of physiological dormancy and morphological dormancy, they have non-deep simple MPD.
Like the seeds of C. tainturieri and C. flavula, those of P. rhoeas come out of physiological dormancy during exposure to high temperatures in summer, and embryo growth and germination can occur in autumn. After seeds of C. tainturieri (Baskin & Baskin, 1990) and P. rhoeas (Fig. 3, Expt 6 ) come out of physiological dormancy, light is required for germination. Light is necessary for embryo growth in both species and thus for the loss of morphological dormancy. However, unless seeds have come out of physiological dormancy, light has no promotive effect on embryo growth and germination (Baskin & Baskin, 1990; Fig. 3, Expt 6) . In contrast to the seeds of P. rhoeas and C. tainturieri, those of C. flavula do not require light for embryo growth and germination after physiological dormancy is broken (Baskin & Baskin, 1994) . The light requirement for germination of P. rhoeas seeds may help to explain why/how seeds of this species form a soil seedbank (Brenchley & Warrington, 1930) that persists for at least 5 years (Roberts & Boddrell, 1984) .
Some seeds of P. rhoeas can germinate in southern Sweden in the autumn of the year in which they are produced. Seeds sown outdoors in Uppsala, Sweden, in early September 1997 germinated to 13% by the end of November 1997, and those sown outdoors in Linko¨ping on various dates from 5 August to 2 October 1998 germinated to 5-47% by 1 November 1998 (Fig. 4, Expt  8 ). Seeds germinated in autumn because physiological dormancy was broken in at least a portion of the seed population in autumn. In both 1997 and 1998, seeds buried at 15/5°C gained the ability to germinate to about 20% in light at 15/5°C within 3 weeks.
In a previous study, Milberg & Andersson (1997) buried seeds of P. rhoeas in soil under natural temperature conditions in Uppsala, Sweden, from November 1994 to April 1996 and exhumed some of them at monthly intervals from March 1995 to April 1996. Seeds were incubated in light and in darkness at a 12 h/12 h daily alternating temperature regime of 18/8°C. Seeds germinated to 20% or more in light from August 1995 to January 1996, with a peak of 90% or more occurring in September, October, November and December. However, the seeds germinated to only 10-20% in darkness in October, November and December. One reason for lack of germination of P. rhoeas seeds in the Milberg & Andersson (1997) study until summer is that seeds were buried in late November, when temperatures were too low for loss of physiological dormancy. Temperatures in December ranged from » 5°C to )10°C, and daily maximum temperatures did not exceed 15°C until late April (Milberg & Andersson, 1997) . Thus, loss of dormancy may have been delayed until temperatures increased to 15°C or higher in spring.
If seeds of P. rhoeas come out of physiological dormancy during summer/autumn, but fail to germinate in autumn, low temperatures during winter cause them to enter conditional dormancy (Vegis, 1964; Baskin & Baskin, 1985) . In our study, using simulated winter temperature regimes, about half the seeds lost the ability to germinate at 25/15°C, but almost none of them lost the ability to germinate in light at 15/5°C or 20/10°C (Table 3 , Expt 7). About 90% of the seeds buried under natural winter temperature regimes in Uppsala, Sweden, lost the ability to germinate in light at 18/8°C (Milberg & Andersson, 1997) . Additional studies are needed to understand better what appears to be an annual conditional dormancy/non-dormancy cycle in buried seeds of P. rhoeas.
An annual conditional dormancy/non-dormancy cycle in buried seeds of P. rhoeas would be consistent with the annual conditional dormancy/non-dormancy cycles documented in buried seeds of the facultative winter annuals Capsella bursa-pastoris (L.) Medic. (Baskin & Baskin, 1989) , Lamium amplexicaule L. (Baskin & Baskin, 1981) , Veronica arvensis L. (Baskin & Baskin, 1983) and, in some years, Viola arvensis Murr. (Baskin & Baskin, 1995) . However, seeds of these four species have only physiological dormancy; the embryo is fully developed at seed maturity.
Seeds of P. rhoeas collected near Hov in 1997 and 1998 were dormant (Table 1, Expt 1); however, more of the seeds collected in 1997 came out of dormancy at 15/ 5°C, 20/10°C and 25/15°C (and at a faster rate) than those collected in 1998 (Figs 1 and 2, Expt 3) . Weather data for this region of Sweden indicate that seeds were produced under relatively warm, dry conditions in 1997 and under relatively cool, wet conditions in 1998 (SMHI, 1997 (SMHI, , 1998 . These differences in climate during seed maturation between the two years may be related to differences in the level of dormancy. It has been shown that water stress during the time of seed development decreases dormancy in some species whose seeds have physiological dormancy (e.g. Sawhney & Naylor, 1982; Benech Arnold et al., 1992) . One ecological implication of the differences between the 1997 and 1998 results is that seeds produced in a wet year would have a higher probability of not germinating in the first year after seed maturation than those produced in a dry year. Thus, seeds from a wet year may be more likely to become part of the persistent soil seedbank than those produced in a dry year. Such a difference between years would be enhanced further by the fact that flowering, seed maturation and dispersal are delayed in a cool year. Hence, in a cool year, seeds might, on average, be dispersed several weeks later than in a warm year, thereby reducing the period of time when seeds could be warm stratified in autumn.
